Endothelin-1 (ET-1) is a potent vasoconstrictive peptide and its activity is mediated by the receptors ET type A (EDNRA) and ET type B (EDNRB). Although ET-1 is thought to play an important role in the development of atherosclerosis, it remains unclear whether polymorphisms of ET-1 family genes, including the ET-1 gene (EDN1), EDNRA, EDNRB and the genes for endothelin converting enzymes 1 and 2 (ECE1 and ECE2 ), are associated with the progression of atherosclerosis. We investigated the relationship between 11 single nucleotide polymorphisms (SNPs) of ET-1 family genes (including three in EDN1, one in EDNRA, two in EDNRB, four in ECE1 and one in ECE2 ) and atherosclerotic changes assessed using pulse wave velocity (PWV) and carotid ultrasonography in 630 patients with essential hypertension (EHT). In male subjects, we found significant differences in brachial-ankle PWV (baPWV) in additive and recessive models in EDNRB-rs5351 after Bonferroni correction. Also in male subjects, there were significant differences in mean intima-media thickness (IMT) in additive and recessive models in EDNRA-rs5333 after Bonferroni correction. We found no significant correlation between any SNPs in the ET family genes and baPWV, IMT and Plaque score (PS) in female subjects. Furthermore, after multiple logistic regression analysis, only EDNRB-rs5351 indicated as an independent risk of atherosclerosis in male hypertensive subjects. Of the endothelin-related genes, EDNRB-rs5351 was the most susceptible SNP associated with atherosclerosis in male hypertensives, and the genetic background may be involved in the progression of atherosclerosis in EHT patients.
Introduction
Endothelin-1 (ET-1) is a potent vasoconstrictive peptide produced primarily by vascular endothelial cells and appearing in many other organs. 1 ET-1 is thought to play an important role in the development of atherosclerosis through endothelial dysfunction and the proliferation of vascular smooth muscle cells (VSMCs). ET-1 may be a marker for arterial vascular disease; Lerman et al. 2 showed a significant correlation between plasma endothelin levels and the number of vascular disease sites. Some reports have linked plasma levels of ET-1 to hypertension, while others have argued against this relationship. Hirai et al. 3 suggested that high ET-1 levels are not related to hypertension, but rather to subclinical renal dysfunction and smoking. The expression of ET-1 is mediated by the activation of specific receptors: ET type A (EDNRA) and ET type B (EDNRB). The former is the predominant ET receptor on VSMCs, and signalling via EDNRA causes long-lasting vasoconstriction. 4, 5 EDNRB is located primarily on endothelial cells and its signalling promotes the formation of nitric oxide, as well as the clearance and reuptake of ET-1. [6] [7] [8] [9] Endogenous ET-1, which acts via EDNRA, increases resistance-vessel tone in subjects with hypertension to a level greater than that in smokers and in subjects with hypercholesterolemia. 10 Plasma ET-1 concentrations can be reduced by resistance training and aerobic exercise. 11 Pulse wave velocity (PWV) is generally recognized as a surrogate marker for atherosclerosis. 12 Using sheep, McEniery et al. 13 showed that endogenous ET-1 production regulates large artery PWV in vivo. They also revealed that exogenous ET-1 increases PWV and that this increase can be blocked by ET type A receptor blockers. Vuurmans et al.
14 examined whether ET-1 increases central aortic systolic blood pressure, pulse pressure and PWV in healthy men, and the effect of ET-1 is prevented by ET-1 receptor blockers.
It remains unclear, however, whether gene polymorphisms of the ET-1 family (including the ET-1 gene (EDN1), EDNRA, EDNRB and the genes for endothelin converting enzymes 1 and 2 (ECE1 and ECE2) are associated with the progression of atherosclerosis. Therefore, we investigated the relationship between single nucleotide polymorphisms (SNPs) of ET-1 family genes and atherosclerotic changes assessed by PWV and carotid echo ultrasonography in patients with essential hypertension (EHT).
Materials and methods

Subjects
This study included 630 outpatients (340 men and 290 women) with EHT at the Division of Hypertension and Nephrology of the National Cardiovascular Centre (NCVC). All subjects provided written informed consent and the protocol was approved by the ethics committee of NCVC. Hypertension was defined as a systolic blood pressure (SBP) of 140 mm Hg or greater and/or a diastolic blood pressure (DBP) of 90 mm Hg or greater, or the current use of antihypertensive medication. The blood pressure used was the average of at least three measurements made during each visit. We also measured brachialankle PWV (baPWV) using Form ABI (Colin Medical Technology) and examined carotid arteries using a commercially available ultrasound system (SSA-390A; Toshiba Medical, Japan). 4 We measured the mean intima-media thickness (IMT) and maximum-IMT (max-IMT) of common carotid arteries and the sum of the plaque score (PS) of bilateral common and internal carotid arteries, as reported previously. 15 Blood samples were also taken at the clinic, and diabetes mellitus was defined as a fasting blood sugar level greater than 126 mg/dl, an HbA 1c level greater than 6.5%, or the use of anti-hyperglycemic medications. Hyperlipidemia was defined as a total-cholesterol concentration of 220 mg/dl or greater, a triglyceride (TG) concentration of 150 mg/dl or greater, or the use of lipid-lowering medication at the time of the first examination. Subjects who had ankle-brachial indices (ABI) lower than 0.9 were excluded because their baPWV readings were unreliable. Table 1 The entire coding region of the endothelin-1 gene Table 3a Comparison between SNPs of ET-1 genes and baPWV in male subjects Abbreviations: baPWV, brachial-ankle pulse wave velocity; SNPs, single nucleotide polymorphisms. P-value (dominant), major vs hetero+minor; P-value (additive), major vs heterozygote vs minor; P-value (recessive), minor+hetero vs major. *Bonferroni correction ( Â 11).
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Screening of genetic variations in EDN1 EDNRA, EDNRB, ECE1 and ECE2
We isolated genomic DNA from the peripheral blood leukocytes of 630 subjects and directly sequenced the entire coding region of the endothelin-1 gene (EDN1). The results of the EDN1 screening are shown in Table 1 . Finally, we selected three SNPs in the EDN1. We selected SNPs of the endothelin type A receptor gene (EDNRA rs5333), endothelin type B receptor gene (EDNRB rs5351, rs3818416), endothelin converting enzyme-1 gene (ECE1 rs212526, rs212528, rs213045, rs2038089) and endothelin converting enzyme-2 gene (ECE2 rs2272471) from a public database (dbSNP http://www.ncbi.nlm.nih.gov/ SNP/). SNPs with a minor allele frequency of greater than 5% were genotyped using the TaqMan-PCR method described previously. 16 The representative SNPs were genotyped when they were linkage disequilibrium (LD: r 2 over 0.5). The LD was calculated between each SNP. The primers and probes used in the TaqMan-PCR system are available upon request.
Statistical analysis
Values are expressed as means 7s.d. and were analyzed using a Student's t-test and a w 2 -test where appropriate. Hardy-Weinberg equilibrium was assessed by w 2 analysis, and we considered P-values less than 0.05 to be statistically significant. The levels of the P-values were adjusted by Bonferroni correction). The LD between each SNP was checked using Haploview version 4 (http://www.broad.mit. edu/mpg/haploview/). The association of genotypes with blood pressure, IMT and PS of carotid arteries and baPWV was examined by simple regression analysis and then investigated using a logistic regression model that adjusted for confounding factors. The distribution of plaque score (PS) was not normal, so we compared the prevalence of severe PS (X10.1) 17 for each allele. All statistical analyses were performed using Stat-View version 5.0 (SAS Institute Inc., Cary, NC, USA).
Results
Patient Characteristics and the Correlation between baPWV and Clinical Parameters
The characteristics of the subjects at baseline are summarized in Table 2 . Significant differences were apparent between men and women in age, height, weight, heart rate (HR), systolic blood pressure (SBP), plaque score (PS), baPWV and ABI and lipid Abbreviations: baPWV, brachial-ankle pulse wave velocity; SNPs, single nucleotide polymorphisms. P-value (dominant); major vs hetero+minor, P-value (additive); major vs heterozygote vs minor, P-value (recessive); minor+hetero vs major.
SNPs in endothelin genes related to atherosclerosis H Yasuda et al profiles. Almost all subjects were treated with antihypertensive agents such that the ratio of treated patients did not differ between males and females. We analyzed the correlations between baPWV, mean IMT, max IMT, PS of carotid arteries and the clinical parameters of male and female patients. BaPWV significantly correlated with age, height, weight, SBP, DBP, mean BP, HR and HbA 1c . In contrast, baPWV was not associated with serum creatinine, C-reactive protein, or ABI. The mean IMT and PS of carotid arteries significantly correlated with age, height, HbA 1c and HDL-Chol. All indices of atherosclerosis strongly associated with age, height and BP. Among these indices, IMT and PS showed weaker association with weight and BP than baPWV.
Correlation between baPWV and SNPs in ET-1 family genes We studied 11 SNPs in total, including three of EDN1, one of EDNRA, two of EDNRB, four of ECE1 and one of ECE2. We found no tight LD between the 11 analyzed SNPs. We analyzed the association of baPWV with ET-1 SNPs in all subjects, both male and female. As shown in Table 3a , we detected significant differences in baPWV in comparing additive, dominant, or recessive models in EDNRBrs5351 (exon 6), ECE1-rs212528 (intron 3) and rs2038089 (intron 17) in male subjects. Finally, only EDNRB -rs5351 positively associated with baPWV after performing a Bonferroni correction. No SNPs were significantly associated with baPWV in female subjects (Table 3b ).
Mean IMT, max IMT, plaque score of carotid arteries and ET-1 SNPs
The results of comparing additive, dominant, or recessive models for mean IMT in each SNP are shown in Tables 4a and 4b . Only EDNRA-rs5333 positively associated with mean IMT after performing a Bonferroni correction, and this association was only apparent in male subjects. With regard to max-IMT, EDNRA-rs5333, EDNRB -rs5351 and ECE1-rs2038089 showed a positive association, but the association was not significant after Bonferroni correction (data not shown). In comparing the prevalence of severe PS (X10.1) for each allele, no Abbreviations: SNPs, single nucleotide polymorphisms; IMT, intima-media thickness. P-value (dominant), major vs hetero+minor; P-value (additive), major vs heterozygote vs minor; P-value (recessive), minor+hetero vs major. *Bonferroni correction ( Â 11).
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SNPs were positive in either male or female subjects after Bonferroni correction (Table 5) .
Association of SNPs in ET-1 family genes with severe atherosclerosis
We have compared the atherosclerosis parameters and the background of each genotype of EDNRArs5333, EDNRB-rs5351, ECE1-rs212528 and rs2038089. These four SNPs showed significant association with atherosclerotic indices, including baPWV, PS and IMT. They had no association with atherosclerotic risk factors, such as HbA1c, TG, HDL-chol, except EDNRA-rs5333 which showed association with TG.
We divided the male subjects in three ways: a rapid or slow group based on the average baPWV (rapid: X1756 cm/s, slow: o1756 cm/s), averaged mean-IMT (severe: X0.86 mm, mild: o0.86 mm) and a severe or mild atherosclerotic group using plaque scores (severe: X10.1, mild: o10.1). We performed logistic regression analysis on the progression of baPWV, mean-IMT and PS. Multiple logistic regression analysis indicated that GG in EDNRB -rs5351, with higher baPWV and PS, was an independent risk factor in male subjects (Tables 6a-c).
Discussion
The human ET-1 gene was cloned and sequenced in 1989 by Inoue et al. 18 Recent studies have examined the relationship between polymorphisms of ET-1 and BP. Tiret et al. 19 indicated that a G/T polymorphism with an amino acid substitution (LysAsn) at codon 198 in exon 5 of ET-1 was associated with BP in overweight Europeans, and similar results were obtained in Japanese subjects. 20, 21 In this study, we evaluated the association of 11 SNPs of ET-1 family genes with atherosclerosis in hypertensive patients. We found a significant correlation between baPWV and EDNRB-rs5351 and between mean IMT of carotid arteries and EDNRArs5333 in male, but not female hypertensive patients after Bonferroni correction; however, EDNRArs5333 was not significantly associated with severe IMT thickening after multiple logistic regression analysis. Thus, EDNRB-rs5351 was the most suscep- Abbreviations: SNPs, single nucleotide polymorphisms; IMT, intima-media thickness. P-value (dominant), major vs hetero+minor; P-value (additive), major vs heterozygote vs minor, P-value (recessive), minor+hetero vs major. *Bonferroni correction ( Â 11).
SNPs in endothelin genes related to atherosclerosis H Yasuda et al tible endothelin-related SNP associated with atherosclerosis in male hypertensives. With regard to the gender differences between baPWV and/or arteriosclerosis and ET-1 family gene polymorphisms, one possible explanation is that the effect of ET-1 on vasoconstriction and atherosclerosis may differ between males and females. Tatchum-Talom et al.
22
described the vasoconstrictive effect of ET-1 as much greater in male rats than in female rats. Alternatively, oestrogen may reduce the vasoconstriction induced by ET-1. 23 Our current findings indicate that there are differences in the progression of atherosclerotic changes among hypertensive patients that depend on the genotypes of ET-1 family genes. Therefore, our findings provide important information regarding the use of hypertensive agents. Hypertensive agents should perhaps be prescribed after taking the polymorphisms in specific patients into consideration.
Lajemi et al. 24 showed that the EDNRA -231A/G and EDNRB 30G/A gene polymorphisms influence PWV in women, and the EDNRB 30G/A genotype related to the level of radial artery parameters in men. They suggested that these genes were involved in arterial stiffness. Funalot et al. 25 showed that ECE 1B C338A and EDN1 Lys198Asn work together to modulate BP levels in women. Of the three SNPs tested in this study, only EDNRB-rs5351 was associated with baPWV and PS. This may be because baPWV reveals a more functional change, while PS indicates a more structural change.
In this study, most patients were treated with antihypertensive agents, some of which might affect PWV either directly or indirectly. We did not have detailed information on the drugs being taken by each subject, which could be seen as a limitation on our study. However, it has been reported that evaluations of PWV for monitoring arterial stiffness and in developing risk assessment strategies for hypertensive patients are useful. 26 It will be important to determine serum ET-1 levels in patients to examine whether the cause of differences in baPWV or carotid arteriosclerosis between genotypes is dependent on only the ET-1 level or on the interaction of several hormonal systems. The negative vascular effects of ET-1 may contribute to the pathogenesis of hypertension and its complications in black patients. 27 Unfortunately, we did not have enough data regarding serum ET-1 levels to analyze the relationship between serum levels and ET-1 family gene polymorphisms.
It is also important to examine the influence of menopause on atherosclerosis in female subjects. However, most female subjects in the present study were older than 60 years, so it was impossible to clarify the influence of menopause in this study.
Any synergetic effects of polymorphisms on baPWV and PS should also be evaluated. In male subjects, baPWV values were slower in those with TT than with TC þ CC of ECE1-T/ C-rs212528, and were also slower in those with AA than with AG þ GG of EDNRB-A/G-rs5351. We therefore compared baPWVs of subjects with both TT of ECE1-rs212528 and AA of EDNRB-rs5351 to those of subjects with both CC of ECE1-rs212528 and GG of EDNRB-rs5351. However, we did not obtain a stronger correlation for combined gene types than single genotypes (data not shown). We obtained similar results by analyzing IMT and PS. SNPs in endothelin genes related to atherosclerosis H Yasuda et al
